The symbiotic relationship between cnidarians and dinoflagellates is the cornerstone 9 of coral reef ecosystems. Although research is focusing on the molecular mechanisms underlying 10 this symbiosis, the role of epigenetic mechanisms, which have been implicated in transcriptional 11 regulation and acclimation to environmental change, is unknown. To assess the role of DNA 12 methylation in the cnidarian-dinoflagellate symbiosis, we analyzed genome-wide CpG 13 methylation, histone associations, and transcriptomic states of symbiotic and aposymbiotic 14 anemones in the model system Aiptasia. We find methylated genes are marked by histone 15 H3K36me3 and show significant reduction of spurious transcription and transcriptional noise, 16 revealing a role of DNA methylation in the maintenance of transcriptional homeostasis. Changes 17 in DNA methylation and expression show enrichment for symbiosis-related processes such as 18 immunity, apoptosis, phagocytosis recognition and phagosome formation, and unveil intricate 19
Introduction 25
Coral reefs are ecologically important marine ecosystems, which cover less than 0.2% of 26 our oceans but sustain an estimated ~25% of the world's marine species and 32 of 33 animal 27 phyla 1, 2, 3 . Coral reefs are also economically important by providing food and livelihood 28 opportunities to at least 500 million people; worldwide, they have a net present value of almost 29 USD 800 billion, and they generate USD 30 billion in net economic benefits annually 3 . 30 Unfortunately, these ecosystems are under severe threat from anthropogenic stressors including 31 global warming and water pollution, among others, which can cause coral bleaching (loss of 32 intracellular endosymbionts from coral) and overall coral reef decline. Despite increasing efforts 33 on studying the mechanisms underlying the regulation and environmental stress related 34 breakdown of this symbiotic association 4, 5 , we still lack knowledge on basic molecular 35 processes, for instance whether epigenetic mechanisms are involved in symbiosis regulation and 36 could potentially contribute to increased resilience in response to environmental stress as 37 reported in other organisms 6, 7 . 38 DNA methylation plays an important role in many biological processes of plants and 39 animals 8, 9, 10, 11 . It has been proposed as a mechanism for organisms to adjust their phenotype in 40 response to their environment in order to optimize organismal response to changing 41 environmental conditions 7, 12 . For instance, recent findings in mice show an important function 42 for DNA methylation in inhibiting spurious transcription along the gene body, allowing for 43 reduction of nonsense transcripts from highly expressed loci 13 . However, its role and function in 44 cnidarians is, at present, unknown 14 . The sea anemone Aiptasia is an emerging model to study 45 the cnidarian-dinoflagellate symbiosis. Like corals, it establishes a stable but temperature 46 sensitive symbiosis with dinoflagellates of the genus Symbiodinium but, unlike corals, can also 47 be naturally maintained in an aposymbiotic state. Its ease of culture and facultative symbiosis 48 provides a tractable system to study the molecular mechanism underlying symbiosis without the 49 impeding stress responses associated with coral bleaching stress 15, 16 . 50 Using the model system Aiptasia (strain CC7, sensu ExAiptasia pallida), we obtained 51 whole-genome CpG DNA methylation, ChIP-Seq and RNA-Seq data from aposymbiotic (Apo) 52 and symbiotic (Sym) individuals to study the function of DNA methylation in transcriptional 53 regulation and its role in the cnidarian-dinoflagellate symbiosis. 54
Results 56
Aiptasia DNA Methylation patterns change with symbiotic states 57
To assess changes in DNA methylation in response to symbiosis, we performed whole-58 genome bisulfite sequencing with an average coverage of 53× per individual on 12 anemones, 59 providing 6 biological replicates per treatment (symbiotic vs. aposymbiotic). Methylation calling 60 using the combined dataset identified 710,768 CpGs (6.37% of all CpGs in Aiptasia genome), 61
i.e. methylated sites in the Aiptasia genome. Notably, the percentage of CpGs is much lower than 62 in mammals (60-90%) 17 , but comparable to the coral Stylophora pistillata (7%) 18 . We 63 identified 10,822 genes (37% of all 29,269 gene models identified in the Aiptasia genome) with 64 at least 5 methylated positions that were subsequently defined as methylated genes. On average, 65 these genes had 18.4% CpGs methylated, 3-fold higher than the average methylation density 66 across the entire genome (Chi-squared test p value < 2.2 × 10 -16 ) and 167-fold higher than the 67 methylation levels in non-coding regions. These findings indicate that the distribution of CpG 68 methylation is non-random and mainly located in gene bodies, similar to corals 18, 19 and other 69 invertebrate species 20, 21 . 70 To analyze the relationship between methylation density (percentage of CpGs) and gene 71 density (the number of genes per 10,000 bp), we ran a sliding window (window size: 40 kb, step: 72 30 kb) and visualized the results in a Circos plot ( Fig. S1) 22 . The correlation of CpG content 73 and distribution of methylation showed a negative correlation (Pearson correlation coefficient: r 74 = -0.31, p value < 2.2 × 10 -16 ) suggesting that methylation tends to preferentially occur in CpG-75 poor regions ( Fig. S2 ). Gene density had a positive correlation with methylation density (r = 76 0.21, p value < 2.2 × 10 -16 ) consistent with the finding that methylation is predominantly located 77 in gene bodies ( Fig. 1 ). We also observed that within gene bodies, introns showed significantly 78 higher methylation densities than exons ( Fig. 1B) . 79 Analysis of methylation patterns (see above) within gene bodies showed rapidly 89 increasing methylation levels after the transcription start site (TSS) that are maintained before 90 slowly decreasing towards the transcription termination site (TTS) ( Fig. S3A ). Interestingly, we 91 found that gene body methylation in Aiptasia is positively correlated with expression ( Fig. 2A) , 92 suggesting that DNA methylation either increases the expression of genes or that DNA 93 methylation is established as a consequence of transcription whereby increased expression 94 results in increasing methylation levels. The latter interpretation would be in line with recent 95 findings in mouse embryonic stem cells 13 , which demonstrated that gene body methylation is 96 established and maintained as a result of active transcription by RNA polymerase II (Pol II) and 97 recruitment of the histone modifying protein SetD2 that trimethylates histone H3 at lysine 36 98 (H3K36me3). This histone mark is specifically bound via the PWWP domain present in the 99 DNA methyltransferase Dnmt3b, which in turn methylates the surrounding DNA accordingly, 100 resulting in the inhibition of transcription initiation from cryptic promoters within the gene body 101 and thus a significant reduction of spurious transcription. 102 Analysis of the Aiptasia gene set identified a DNMT3 gene (AIPGENE24404) that also 103 encodes a PWWP domain as reported for the mouse homolog. In order to test if the previously 104 described mechanism is conserved in Aiptasia, we performed a ChIP-Seq experiment using a 105 validated antibody against H3K36me3 (Fig. S4 ). As predicted, our analysis confirmed a 106 significantly higher association of H3K36me3 with methylated genes (p = 2.48 × 10 -20 for highly 107 methylated genes and all methylated genes, Fig. 2B and C). We then analyzed if methylated 108 genes also exhibited significantly lower levels of spurious transcription in Aiptasia. Analysis of 109 transcriptional profiles of methylated and unmethylated genes indeed showed significantly lower 110 levels of spurious transcription along the gene body of methylated genes (p < 2 × 10 -6 , Fig. 3A ). 111 A dampening effect of DNA methylation on transcription was also observed with regard 112 to transcriptional noise similar to findings in the coral Stylophora pistillata 18 . Regression 113 analysis of median methylation levels and the coefficient of transcriptional variation of genes 114 showed that, given the same expression level, methylated genes always exhibited lower levels of 115 transcriptional variation ( Fig. 3B Subsequently we analyzed changes in DNA methylation and gene expression between 155 symbiotic and aposymbiotic Aiptasia to assess their correlation on potential biological functions 156 in symbiosis. We determined differentially methylated genes using a generalized linear model 157 from Foret et al. 24 that was modified to allow for replicate-aware analysis. This approach 158 identified 2,133 DMGs (FDR ≤ 0.05, Supplement Table S1 ) that specifically changed their 159 methylation status in response to symbiosis. To verify these results, we sequenced a subset of 14 160
DMGs using bisulfite PCRs. The results show a strong correlation (r 2 = 0.815 and p = 1×10 -5 for 161 Apo, r 2 = 0.922 and p = 5.2 × 10 -8 for Sym) to our WGBS and confirm the observed methylation 162 changes within these loci ( Fig. S5 ). 163
Analysis of gene expression changes in the same 12 samples (i.e., 6 symbiotic and 6 164 aposymbiotic anemones) identified 1,278 differentially expressed genes (DEGs, FDR ≤ 0.05, 165 Supplement Table S2 ), of which 14 genes were subsequently confirmed via qPCR ( Fig. S6 ). 166
However, analysis of the overlap between DMGs and DEGs showed only 103 genes that were 167 shared, suggesting that differentially expressed genes are not necessarily the same cohort of 168 genes that are differentially methylated. Functional enrichment analyses based on Gene Ontology 169
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of all DMGs and 170
DEGs identified several symbiosis relevant functions and pathways in both groups (Supplement Table S3 -S10). 172
Based on the finding that gene body DNA methylation is likely a consequence of active 173 transcription, we hypothesized that changes in DNA methylation patterns might also provide a 174 record of transcriptional activity over longer periods of time. We therefore tested if differential 175 methylation and acute transcriptional changes, obtained from our RNA-Seq analysis, provide a 176 complementary view of the processes underlying symbiosis. For this we compared enrichment of 177 symbiosis-specific pathways across the sets of 2,133 DMGs, 1,278 DEGs, and the combined set 178 of both DMGs and DEGs (3,308 DEMGs). Interestingly, we observed that the combined data set 179 (DEMGs) provided significantly lower p-values for previously identified symbiosis-related 180 pathways, including apoptosis, phagosome, nitrogen metabolism, and arginine biosynthesis, 181 among others (paired t-test: DEMG vs. DEG p = 0.015; DEMG vs. DMG p = 0.009) (Fig. 4C 182 and Supplement Table S11 ). This suggested that changes in methylation and transcription indeed 183 provide complementary information with regard to transcriptional adjustments in response to 184 symbiosis. 185 Finally, our analysis also highlighted genes putatively involved in the expulsion or 216 degradation of symbionts in response to environmental stress or as a means to control symbiont 217 densities. Autophagy is of interest in this regard because it links to other membrane trafficking 218 pathways and to apoptosis, and evidence suggests that autophagy also plays a role in removal of 219 symbionts during bleaching 29, 30 . Intracellular degradation of the symbiont is a result of 220 reengagement of the phagosomal maturation process or autophagic digestion of the symbiont by 221 the host cell 4 Analysis of the distribution of the histone modification H3K36me3 further showed significant 234 enrichment of this epigenetic mark in methylated genes, echoing findings in mammals and 235 invertebrates 31 . More importantly, we find that methylated genes show significant reduction of 236 spurious transcription and transcriptional noise ( Fig. 2B ), suggesting that both the underlying 237 mechanism of epigenetic crosstalk as well as the biological function of DNA methylation is 238 evolutionary conserved throughout metazoans. These results highlight a tight interaction of 239 transcription and epigenetic mechanisms in optimizing gene expression in response to changing 240 transcriptional needs 13 . Further support for such a role is provided by the analysis of 241 differentially methylated and differentially expressed genes, which, when combined, showed 242 Similar to the processes of symbiosis initiation and breakdown, we also found significant 265 enrichment of genes involved in nutrient exchange and many of these transporters have 266 previously been implicated in symbiosis maintenance 4, 38 . Notably, this also included genes 267 involved in the transport and assimilation of ammonium. Nitrogen is a main limiting nutrient in 268 coral reefs 39, 40, 41 , and the coral-dinoflagellates symbiosis has been proposed to increase the 269 efficiency of nitrogen utilization by both partners 42 whereby the underlying nature of this 270 mechanism is currently debated 43, 44 . 271
Conclusions 273
This study provides the first analysis of the function and role of DNA methylation in a symbiotic 274 anthozoan. Our results show that the epigenetic crosstalk between the histone mark H3K36me3 Spalding MD, Grenfell AM. New estimates of global and regional coral reef areas. 
CpG bias 540
Methylated cytosines are frequently spontaneously deaminated to uracil which can be 541 subsequently converted to thymine after DNA repair. As a result of this process, methylated 542
CpGs are expected to decrease in abundance over evolutionary time, and the ratio of observed to 543 expected CpGs (CpG O/E) has previously been used to predict putatively methylated and 544 unmethylated genes 7, 8 . CpG O/E of Aiptasia protein coding genes were calculated according to 545 J. Zeng et al 9 . 546 547
Identification of differentially methylated genes 548
Using the methylation level of aposymbiotic genes as a control, generalized linear models 549 (GLMs) 10 were implemented in R 11 to identify genes that were differentially methylated in the 550 symbiotic treatment. The general formula used was: 551 glm(methylated, non_methylated ~ treatment * position, family="binomial") 552
where "methylated, non_methylated" was a two-column response variable denoting the 553 number of methylated and non-methylated reads at a particular position. For predictor variables, 554 "position" denoted relative position of the methylated site in the gene, while "treatment" denoted 555 symbiotic or aposymbiotic conditions. Data from individual replicates were entered separately to 556 assign equal weightage to each replicate, as pooling results in a disproportionate skew towards 557 the replicate with the highest coverage. Genes with < 5 methylated positions were filtered out to 558 reduce type I errors; and genes with FDR ≤ 0.05 were considered as differentially methylated 559 genes (DMGs). 560 561
Identification of differentially expressed genes 562
RNA-Seq generated 889 million raw read pairs from six lanes on the Illumina Hiseq2000 563 platform. Adaptors, primers and low quality bases were removed from the ends of raw reads 564 using Trimmomatic v0.33 (ILLUMINACLIP:TruSeq2-PE.fa:4:25:9 LEADING:28 565 TRAILING:28 SLIDINGWINDOW:4:30 MINLEN:50). The resulting trimmed reads were 566 mapped to the Aiptasia genome using HISAT v2.0.1 12 18 annotation was based on the previously published Aiptasia genome 581 2 . Functional enrichment of DMGs and DEGs were carried out with topGO respectively 19 using 582 default settings. GO terms with p ≤ 0.05 were considered significant, and the occurrence of at 583 least ≥ 5 times in the background set was additionally required for DMGs. Multiple testing 584 correction was not applied on the resulting p-values as the tests are considered to be non-585 independent 19 . Best Hit) 22 . A KEGG pathway enrichment analysis of both DMGs and DEGs was carried out 593 using Fisher exact test and pathways with p ≤ 0.05 were considered significant. 594 595
Validation of gene expression changes from RNA-Seq by qPCR 596
Three randomly picked RNA libraries per treatment were used for qPCR validation of 597 RNA-Seq results. cDNA was synthesized using Invitrogen SuperScript III First-Strand Synthesis 598 SuperMix kit. A total of 14 genes were validated for differential expression using qPCR 599 (Supplement Table S13 -S15). RPS7, RPL11 and NDH5 were used as internal reference 600 standards 23 . qPCR was carried out using Invitrogen Platinum SYBR Green qPCR SuperMix-601 
